Imaging complex structures in the earth is a challenging task in seismic imaging. In addition to the complexities in the earth, very often the seismic data are acquired along a rugged surface topography. This makes the conventional imaging techniques unusable without any modification.
Introduction
From its introduction in the 1990s, the CRS stack (Mann et al., 1999) has been shown to be an efficient alternative to the conventional stacking methods, such as NMO/DMO. The CRS stack is based on the fundamental seismic ray theory. This provides an easy-to-handle formalism. An important feature of the CRS stack is its independence from a velocity model, which saves a lot of effort in velocity model building and model updating.
The CRS stacking method is preferable to conventional stacking methods because it provides improved imaging quality, an enhanced signal to noise ratio, and a better continuity of the reflection events. Moreover, the wave field attributes determined through the CRS stack may be useful for a large variety of applications. These include the inversion of the attributes for a macro-velocity model (Duveneck and Hubral, 2002) and the residual static corrections by means of the CRS attributes (Koglin and Ewig, 2003) .
The presence of the surface topography prevents the stack section from being easily interpreted and being further applied, such as in depth migration. An algorithm to redatum the stack section to an a priori chosen datum level is thus required. The wave field attributes determined through the CRS stack find their simple utility in the redatuming of the stack section. The resulting section after the redatuming is a section with a perfectly plane acquisition level (Zhang et al., 2004; Zhang, 2003) .
In this paper we present the results of the application of the CRS stack to a synthetic data set. The data set was created at Amoco in 1997. Together with the simulated zero-offset (ZO) section, we show the redatumed CRS stack section.
Methodology
The implementation of the 2D CRS stack for a rugged topography is based on a three-parameter moveout formula for the paraxial rays in the vicinity of a ZO normal ray. Both the receivers and the shots of the reflections are located on an irregular surface topography (Zhang and Hubral, 2002; Zhang et al., 2004) . The three parameters are the emergence angle of the ZO normal ray, and the wavefront curvatures of each of two up-coming hypothetical waves. This algorithm is an extension of the newly established CRS stack over a plane surface. The implementation of the CRS stack makes use of the semblance for the determination of the wave field attributes, which is also referred to as coherence analysis. The coherence is a measure of the relative similarities between the sample amplitudes. In the data volume with the dimensions midpoint, half-offset, and traveltime, each combination of the three parameters defines a surface in the vicinity of the point pertaining to a ZO normal ray. This is the blue surface in Figure 1 . We also display the actual reflection in this data volume with the red surface. Varying the wave field attributes in the moveout formula changes the contour of the blue surface. If we assume that the blue surface which best matches the actual reflection yields the highest coherence, the wave field attributes can then be determined to be the triplet that yields the highest coherence. The blue surface in the data volume defined by the triplet is taken to be the stacking operator.
The CRS stack delivers the ZO CRS stack section together with the associated coherence section. This coherence section helps evaluate the imaging quality of the CRS stack and the accuracy of the wave field attributes.
The CRS attributes carry all the kinematic information of the data and can be used in further analysis, such as the redatuming of the stack section to a plane surface, the determination of the velocity model, and the residual correction analysis. The redatuming makes use of the wave field attributes determined through the CRS stack and does not require a large additional effort.
Synthetic data example
The CRS stack was applied to a synthetic data set. The data set was created at Amoco in 1997 for testing the static corrections. In Figure 2 we show the model used for creating the data. Please note the variation in the velocity of the top layer. The acquisition parameters used in creating the data set are tabulated in Table 1 .
We applied the CRS stack to the data set. As one can notice, the velocity in the top layer varies laterally. We can roughly divide the model into two parts at the point around 20 km. The left part possesses a relatively higher top layer velocity around 4.8 km/s, while the right part has a velocity of 3.2 km/s. The reason for the partition lies in that, currently in CRS we assume a homogeneous velocity in the top layer. Such a partition provides a good approximation that satisfies this assumption for the CRS stack. Of course a better approximation should result by taking the gradient of the velocity into account. The CRS stack can also be followed by a residual correction analysis using the wave field attributes determined through the CRS stack (Koglin and Ewig, 2003) . Such a residual analysis should enhance the imaging quality, especially in the region with very rugged topography and/or strong variation in velocity of the top layer.
The presence of the top surface topography makes the moveout curve in the CDP gathers quite complicated and they cease to be hyperbolic. We notice that, as the shots are quite sparsely distributed (shot spacing 100 m), the number of coverage folds in the CDP gather is quite small. In Figure 3 we show a CDP gather, in which the deviation of the moveout curve from a hyperbolic shape can be easily seen. All these facts make the conventional stacking methods such as NMO/DMO inapplicable without additional modification.
However, the CRS stack makes use of not only the traces in the CDP gather but also as many traces as possible in the vicinity of the ZO normal ray. The problem with the stacking folds can be compensated for with the help of the contributions from different CDP gathers. In Figure 4 we show the CRS stack section. In spite of all the difficulties, such as the variation in velocity, the lack of a high fold number, and the ruggedness of the topography, the CRS stack provides very good imaging quality. We find that, even when we use a different near-surface velocity in the CRS stack for the two parts, the reflection events at the connection boundary in the two CRS stack sections have identical traveltimes. This implies that, if we combine the two sections into one section, the reflection events are continuous. This is due to the fact that the CRS stack is data-oriented. The CRS stack will yield a non-zero amplitude only at the position where there is a reflection. Otherwise, it gives zero output. This continuity is intrinsic in data and cannot be influenced by the stacking velocity. However, a deviation in the amplitude can be observed. This difference in amplitude occurs because the near surface velocity in this region is neither 4.8 km/s nor 3.2 km/s. Therefore, some residual statics exist in the stacking operators. This residual correction causes the amplitude of the reflection events in both stack sections to no longer be identical. This deviation in amplitude can be compensated for by means of the residual static corrections. For the redatuming of the CRS stack section we need to choose a level, to which the stack section should be redatumed. The process makes use of the emergence angle of the ZO normal ray, which was determined through the CRS stack. As indicated in Table 1 In practice, the redatuming algorithm assumes a homogeneous velocity. This velocity is set equal to the nearsurface velocity used in the CRS stack. As the redatuming is a "time migration" of the events, the positioning of the redatumed reflections depends on the near surface velocity. Therefore, the reflection events at the connection boundary in the two sections will no longer be continuous after redatuming. This slight deviation can be removed by taking the gradient in the near surface velocity into account.
Conclusions
The data-driven, model-independent CRS stack was applied to a synthetic data set. The data set contains rugged statics and strong velocity variations. These features make the conventional imaging methods inapplicable without additional modification. However, the CRS stack is shown to be very robust even in this complex situation and to be a good alternative to the conventional imaging methods.
Besides the ZO CRS stack section, the stacking process delivers some useful wave field attributes, i. e., the emergence angle of the ZO normal ray, and the wavefront curvatures of two up-coming hypothetical waves. These three wave field attributes are useful for velocity model building, residual correction analysis, and other problems. In this paper we demonstrated a simple method for redatuming the stack section to an arbitrarily chosen elevation using the emergence angle of the ZO normal ray. This addition to the CRS stack does not require a large effort. CRS stack section, right Redatumed CRS stack section, right 
